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The Representation of Erroneously Perceived
Stimuli in the Primary Visual Cortex
stimulus, then the neuronal responses in these areas
are only weakly correlated with the monkey’s behavioral
choice (Celebrini and Newsome, 1994; Britten et al.,
Pieter R. Roelfsema1 and Henk Spekreijse
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1996). This inspired a two-stage model of perceptualGraduate School of Neurosciences Amsterdam
decision making (Shadlen et al., 1996). The first stageUniversity of Amsterdam
of this model roughly corresponds to areas MT and MST,P.O. Box 12011
where neurons provide sensory evidence for one or the1100 AA Amsterdam
other direction of motion. Neurons at the second stageThe Netherlands
pool sensory evidence across a number of stage one
cells to arrive at a perceptual decision. Neuronal activity
that may correspond to this second decision stage wasSummary
demonstrated in the lateral intraparietal area (area LIP)
and also in areas of the frontal cortex (Shadlen andIn order to attain a correct interpretation of an ambigu-
Newsome, 1996; Kim and Shadlen, 1999). Thus, theseous visual stimulus, the brain may have to elaborate
studies, taken together, seem to imply that areas gener-on the sensory evidence. Are the neurons that carry
ating perceptual decisions are at a higher cortical levelthe sensory evidence also involved in generating an
than areas that provide the sensory evidence (Schall,interpretation? To address this question, we studied
2000). However, a recent study failed to find an increasethe activity of neurons in the primary visual cortex of
in decision-related activity in higher visual cortical areasmacaque monkeys involved in a task in which they
(Thiele et al., 1999). It is therefore still unclear if andhave to trace a curve mentally, without moving their
how lower visual areas participate in making perceptualeyes. On a percentage of trials, the monkeys made
decisions.errors and traced the wrong curve. Here, we show
Here, we investigate whether neurons in the primarythat these errors are predicted by activity in area V1.
visual cortex of monkeys carry signals that are relatedThus, neurons in the primary visual cortex do not only
to perceptual decisions. The monkeys are trained on arepresent sensory events, but also the way in which
task in which they have to mentally trace a curve throughthey are interpreted by the monkey.
the visual field, without moving their eyes. They start a
trial by fixating a fixation point, and then a stimulusIntroduction
appears that consists of two curves and two red circles
(Figure 1A). One of the curves connects the fixation pointVisual perception is the result of an interaction between
to one of the circles and will be called “target curve.”signals entering the eyes and mechanisms that relate
The other curve is a distractor. The target and distractorthe incoming information to previous experience and
curves come close at a location that will be called “criti-current behavioral goals. When a novel image appears,
cal zone” (green circle in Figure 1A). At the critical zone,sensory information is rapidly distributed across the
the curves can intersect each other or stay separate,many areas of the visual cortex. High-level visual areas
and the difficulty of this distinction varies among stimuliand even frontal areas, which are separated from the
(Figure 1B). Thus, on a percentage of trials, the monkeysretina by many synapses, are activated within 100 ms
will misinterpret nonintersections as intersections or(Funahashi et al., 1990; Oram and Perrett, 1992; Lamme
vice versa.and Roelfsema, 2000). However, the activation of these
Previous results showed that neuronal responses in
areas does not imply that the interpretation of the image
the primary visual cortex to a traced curve are enhanced
is complete. Perceptual processing may continue for
relative to responses to distracting curves (Roelfsema
several hundreds of milliseconds if the judgement is et al., 1998). Thus, if the stimulus is interpreted correctly,
difficult (Shadlen and Newsome, 1996) or if the task all segments of the traced curve appear to be “labeled”
requires shifts of visual attention (e.g., Treisman and by an enhanced neuronal response (indicated in yellow
Gelade, 1980; Jolicoeur et al., 1986). in Figure 1C). The enhancement of responses to the
A number of elegant studies investigated how the traced curve occurs while the monkey maintains fixation
interpretation of a visual stimulus is formed in various at the fixation point and provides a correlate of visual
cortical areas of monkeys performing a motion discrimi- attention that is directed to this curve (Scholte et al.,
nation task (Newsome et al., 1989; Celebrini and New- 2001). It is unknown, however, whether the enhance-
some, 1994; Britten et al., 1996; Shadlen and Newsome, ment of neuronal responses depends on the monkey’s
1996; Kim and Shadlen, 1999). The sensitivity of neurons interpretation. The critical question is whether neuronal
in motion-sensitive areas, such as the middle temporal responses in area V1 distinguish between trials that are
visual area (area MT) and the medial superior temporal completed successfully and trials on which an error is
area (area MST), to stimulus motion is comparable to made (red arrows in Figure 1D). One possibility is that
the monkey’s sensitivity, if assessed behaviorally (New- the process labeling the target curve is autonomous and
some et al., 1989; Celebrini and Newsome, 1994). How- independent of the interpretation (Figure 1D, model 1).
ever, if a monkey has to interpret an ambiguous motion In such a model, correlates of an erroneous decision
are only expected in downstream “decision areas.” The
alternative is that area V1 reflects the erroneous interpre-1Correspondence: p.roelfsema@ioi.knaw.nl
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Figure 1. Experimental Design
(A) Design of stimuli and task. The monkeys
fixated a red point and traced a target curve
extending from this point to locate a red circle
at its end, while they maintained fixation.
They had to ignore a distractor curve. The
target and distractor curve came close at a
location that is called critical zone (green cir-
cle). After a delay of 600 ms, the fixation point
disappeared, and the monkey had to make
an eye movement to the circle that had been
connected to the fixation point.
(B) At the critical zone, the two curves either
intersected each other or stayed separate.
The difficulty of the distinction between inter-
sections and nonintersections varied be-
tween stimuli.
(C) Schematic illustration of response en-
hancement in area V1. Receptive fields of
neurons with an enhanced response are indi-
cated in yellow. On correct trials, responses
to the entire target curve are enhanced.
(D) Two models of neuronal activity on error
trials. Erroneous saccades are indicated by
red arrows. In model 1, the response en-
hancement is similar to that on correct trials,
because it is caused by an autonomous pro-
cess that is independent of the interpretation.
In model 2, the pattern of response enhance-
ments is modified by the erroneous interpre-
tation. Note that the two models only differ
in their prediction for neurons with a receptive
field on the distal curve segment (eccentric
to the critical zone).
tation. On error trials, the monkey might attend to the made if the target and distractor curve were separated
by a gap of 0.6. However, when the distance betweenwrong distal curve segment, which is eccentric to the
critical zone. This should be associated with an en- the curves was reduced to 0.2, the monkey made errors
on a percentage of trials, as if the configuration washancement of neuronal responses to the wrong curve
(Figure 1D, model 2). Responses to the proximal seg- misinterpreted as an intersection (red arrows). Similarly,
few errors were made if the two curves intersected eachments (proximal to the critical zone) should stay the
same, however, even if the monkey makes an error. other at an angle of 90, but, if this angle was reduced
to 20, the monkey occasionally interpreted the configu-These segments are correctly assigned to the target or
distractor curve, because they are considered before ration as a nonintersection (Figure 2A). It was possible
to induce such errors in all sessions, because the dis-the monkey loses track of the target curve.
tinction between intersections and nonintersections
could be made arbitrarily difficult (see Experimental Pro-Results
cedures).
The location of the critical zone and the shape of thePsychophysical Performance
The stimuli that were shown within a single recording curves differed somewhat between sessions, because
the stimuli were adapted to the receptive fields of thesession differed at two locations, since (1) the fixation
point could be connected to either of the two curves, recorded neurons. The discrimination between intersec-
tions and nonintersections is expected to be more diffi-and (2) the contour segments in the critical zone varied
between stimuli (Figure 2A). Stimuli with various configu- cult at larger retinal eccentricities, where visual acuity
is poorer. Behavioral performance was therefore pooledrations at the critical zone were shown in a randomized
order, but the location of the critical zone was kept across sessions with a similar eccentricity of the critical
zone (Figures 2B and 2C). If the stimulus contained aconstant within a recording session. The performance
of the monkeys depended strongly on the difficulty of nonintersection, the monkeys started to make errors
when the gap between the target and distractor curvethe configuration at the critical zone. In the experiment
illustrated in Figure 2A, for example, no errors were became smaller (Figure 2B). As expected, performance
Perceptual Errors in Area V1
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Figure 2. Behavioral Performance
(A) Performance in one of the sessions. The
difficulty of the task was adjusted by chang-
ing the distance between the curves if they
did not intersect or by changing the angle of
the intersection if they did. The arrows indi-
cate the percentages of correct (green) and
erroneous (red) eye movements that were
made to the red circles in various configura-
tions. Stimuli shown above each other are
called complementary, because the target
curve and the distractor curve are inter-
changed. The critical zone was at an eccen-
tricity of 1.4, and the number of trials was 91
or 92 for each of the stimuli.
(B and C) Psychometric functions pooled
across two monkeys (total of 80 sessions).
Error bars indicate SEM across sessions. Per-
formance for stimuli with a nonintersection is
shown in (B), and performance for stimuli with
an intersection is shown in (C) (note the differ-
ent scale on the ordinate). Different curves
show performance at different eccentricities
of the critical zone: between 0.8 and 1.6
(triangles), between 1.6 and 3.2 (circles), or
between 3.2 and 6.4 (squares).
deteriorated more rapidly at larger retinal eccentricities, Effects of Task Difficulty on Activity in Area V1
Multiunit recordings were obtained from a total of 80due to the poorer acuity.
Performance for stimuli with an intersection de- sites in area V1. Fourty-one sites came from two hemi-
spheres of one monkey and 39 sites from one hemi-creased if the two curves crossed each other at a smaller
angle (p  0.01, U test, at each eccentricity) (Figure 2C). sphere of another monkey. We will first investigate how
well the neuronal responses discriminate between tar-The decrease in performance for intersections was rela-
tively moderate, however, and average performance for get and distractor curve at various levels of task diffi-
culty.the most difficult intersections stayed above 80%. This
reflects a bias of the monkeys to interpret ambiguous Figure 3 illustrates the responses of a group of V1
neurons that were recorded in the same session as thestimulus configurations as intersections rather than as
nonintersections. Indeed, both monkeys systematically behavioral data of Figure 2A. The neurons’ receptive
field was always on the target curve for one of a pair ofmisinterpreted nonintersections with a very narrow gap
(0.15) as intersections (data not shown), and these complementary stimuli and on the distractor curve for
the other stimulus (Figure 3A). Figure 3B shows the neu-configurations were avoided during the recording ses-
sions. ronal response on a number of single trials with the two
complementary stimuli that had a gap of 0.6 at theStimuli that are shown above each other in Figure 2A
are called “complementary,” because target and dis- critical zone. The later part of most of these single-trial
responses was stronger when the receptive field fell ontractor curve are interchanged by switching the connec-
tion with the fixation point. The monkeys could, in princi- the target curve than when it fell on the distractor curve.
Figure 3C (left panel) shows that the average responseple, also make errors in deciding which of the two curves
was connected to the fixation point. Such errors were to the target curve is indeed much stronger than the
average response to the distractor curve if there was arare, however, because performance for stimuli with the
easiest nonintersection was 99.6%, and performance gap of 0.6 at the critical zone. Figure 3C also shows
the average responses to stimuli with different configu-for stimuli with the easiest intersection was 94.3%,
across all sessions. This will prove to be important for rations at the critical zone, pooled across all trials (cor-
rect and incorrect trials; these will be separated below).the interpretation of the physiological data, because it
implies that it was almost always clear to the monkeys Responses to the target curve were stronger than re-
sponses to the distractor curve at all levels of task diffi-which of the two curve segments that were proximal to
the critical zone belonged to the target curve. culty. To measure how well the neurons discriminate
Neuron
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Figure 3. Recording Site with Receptive
Field Eccentric to the Critical Zone
(A) Location of the receptive field (gray rect-
angle) relative to two complementary stimuli
(same session as Figure 2A). For one stimu-
lus, the receptive field was on the target curve
(“T”), and, for the other, it was on the dis-
tractor curve (“D”). Note that the receptive
field is on the distal curve segment, eccentric
to the critical zone.
(B) Responses to the target (left) or distractor
curve (right) on the first 15 single trials with
the stimulus that had a gap of 0.6 at the
critical zone. During the experiment, these
trials as well as trials with different configura-
tions at the critical zone were randomly inter-
leaved. Yellow region, window from 200 to
600 ms after stimulus onset, which was used
for the computation of response distributions
on individual trials.
(C) Average responses to all stimuli of Figure
2A. Responses to the target curve are shown
in green, and responses to the distractor
curve in black. Numbers in the upper right
corners indicate the AUROC, a measure of
the difference in response magnitude. The
number of trials was 91 or 92 in each of the
conditions.
(D) Distributions of single-trial responses to
the target (green) and distractor (black) curve,
for the configuration with a gap of 0.6 (thick
curves) and 0.2 (thin curves).
(E) Receiver operator characteristics for the
configuration with a gap of 0.6 (thick curve)
and 0.2 (thin curve). Abscissa, probability
that response to the distractor curve exceeds
a given threshold, . Ordinate, probability that response to the target curve exceeds the same . Different points on the curve reflect different
values of . The AUROC is the area under the receiver operator characteristic, which equaled 0.89 and 0.59 for the easy and difficult
nonintersection, respectively.
between complementary stimuli on a trial-by-trial basis, A population analysis across all recording sites in V1
confirmed that responses to the target and distractordistributions of single-trial response magnitudes were
compared (in a time window indicated by the yellow curve became more similar when task difficulty was
increased. Stimuli were separated into five categoriesarea in Figure 3B). Examples of such distributions, for
the stimuli with a gap of 0.6 and 0.2, are shown in on the basis of the monkeys’ performance. Figure 4A
shows how attentive response modulation of neuronsFigure 3D. The distributions of the responses to the
target and distractor curve differed substantially in the with a receptive field on the distal curve segment (eccen-
tric to the critical zone) depends on task difficulty. Per-easy configuration (0.6 gap, thick curves) but over-
lapped more in the difficult configuration (0.2 gap, thin formance and AUROC are significantly correlated ( 
0.41, p  106). If the performance is nearly perfectcurves). A receiver operator characteristic was com-
puted in order to quantify the separation between re- (above 99%), the average AUROC is 0.70, which is signif-
icantly higher than 0.5 (n  72, p  106, sign test).sponse distributions (Tolhurst et al., 1983; Newsome et
al., 1989) (Figure 3E). The area under the receiver opera- The distribution of AUROCs shifts to the left for stimuli
yielding poorer performance, and, if performance dropstor characteristic (AUROC) is a measure for the depen-
dence of the neuronal response on stimulus identity. It below 65%, the average AUROC is reduced to 0.54, a
value that just fails to differ significantly from 0.5 (n equals the probability that a response to the target curve
on a randomly chosen trial is stronger than a response 38, p  0.053, sign test). Thus, attentional modulation
of neuronal responses is weaker for curve segmentsto the distractor curve. If responses to the target curve
are always stronger than responses to the distractor that are more difficult to assign to either the target or
distractor curve.curve, the AUROC will be 1. If response strength is unre-
lated to stimulus identity, the AUROC will be 0.5, and Figure 4B shows how attentive response modulation
of neurons with a receptive field on the segment thatAUROCs smaller than 0.5 indicate that responses to the
distractor curve are strongest. In the example of Figure was proximal to the critical zone depends on task diffi-
culty. The AUROC distribution also shifts to the left when3, the easy nonintersection (0.6 gap) yielded an AUROC
of 0.89, but the AUROC was reduced to 0.59 for the the discrimination becomes more difficult (  0.17, p
0.05). However, an analysis of covariance indicates thatmore difficult configuration (0.2 gap). Thus, differences
in response magnitude were largest for the stimuli that this correlation between AUROC and task difficulty is
significantly weaker than the respective correlation forwere easy to discriminate.
Perceptual Errors in Area V1
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Figure 4. Population Analysis of the Effect of
Task Difficulty
Distribution of AUROCs for recording sites
with a receptive field distal (A) and proximal
(B) to the critical zone. Data were separated
into several categories according to the mon-
key’s performance. These categories are
shown in the middle. Significant deviations of
the average AUROC (red line) from 0.5 are
indicated by *. A nonsignificant difference is
indicated by “n.s.”
recording sites with a receptive field on the distal curve field is on the target curve, a choice probability higher
than 0.5 indicates that errors are associated with asegment [F(1,451) 4.6; p 0.05]. Indeed, AUROCs for
recording sites with a receptive field on the proximal weaker response. If the receptive field is on the dis-
tractor curve, however, it would be predicted that erro-segment remain significantly higher than 0.5, even for
the most difficult stimuli (n  22, p  106, sign test). neous responses should result in a stronger response,
and the choice probability was defined accordingly (seeThus, when the discrimination is difficult, attentive re-
sponse modulation is maintained for curve segments Experimental Procedures). Indeed, stimulus 2 evoked
strongest responses on error trials (p  106; U test),proximal to the critical zone, but it is largely lost for the
curve segments distal to it. Note that if the configuration and the respective choice probability was 0.87 (Figures
5D–5F).at the critical zone was difficult, it was presumably clear
to the monkeys which proximal segment belonged to A second comparison isolates the dependence of the
neuronal response on stimulus identity. Responses onthe target curve, but they may have lost track of it at
the critical zone (as discussed above). “error” trials with stimulus 1 (T-err in Figure 5A) were
compared to responses on “correct” trials with the com-
plementary stimulus (D-cor). These two types of trialsEffects of Errors on Neuronal Responses in Area V1
ended with a similar eye movement, although comple-Neuronal responses may depend on the stimulus as
mentary stimuli had been presented. The area underwell as on the monkey’s interpretation. In the previous
the respective receiver operator characteristic is calledanalysis, responses were pooled across correct and
“S-AUROC,” because it isolates stimulus-related ef-incorrect trials. The reduced difference between re-
fects. The S-AUROC is larger than 0.5 when responsessponses to complementary stimuli that were difficult to
to the target curve are stronger than responses to thediscriminate may therefore reflect a mixture of trials that
distractor curve. The S-AUROC for error trials with stim-yielded different interpretations of the same stimulus.
ulus 1 (T-err versus D-cor) was 0.51. A similar computa-The influence of stimulus and behavioral response can
tion yielded the S-AUROC for stimulus 2 (D-err versusbe disentangled in an error analysis. Figure 5 shows the
T-cor), which was 0.50 (Figure 5F). Thus, hardly anyresults of such an error analysis for a V1 recording site
information regarding stimulus identity remained at thiswith a receptive field on the distal segment (eccentric
recording site when the perceptual decision was fac-to the critical zone). A first comparison isolates the rela-
tored out.tionship between neuronal response magnitude and the
Different results were obtained in the error analysismonkey’s interpretation. Figure 5B shows the neuronal
for recording sites with a receptive field on the contourresponses on individual trials with the receptive field
segment proximal to the critical zone. An example ison the target curve (stimulus 1 in Figure 5A) that were
illustrated in Figure 6. On correct trials, the response tocompleted correctly (T-cor) or erroneously (T-err). The
the target curve was stronger than the response to theresponse on correct trials tends to be stronger. Indeed,
distractor curve (Figures 6C and 6D) (T-cor versus D-cor,the average response to the target curve was also signif-
p  106; U test). The error analysis was only appliedicantly stronger on correct trials than on incorrect trials
to stimulus configurations that yielded a sufficient num-(p  106; U test) (Figures 5C and 5E). The area under
ber of errors (n  15, see Experimental Procedures). Inthe respective receiver operator characteristic (data not
this example, there were sufficient errors if the receptiveshown) was 0.84 and is called “choice probability.” The
field was on the target curve (T-err, n  18) but not inchoice probability quantifies how well the monkey’s
the complementary configuration (D-err, n  10) (Figurechoice can be predicted on the basis of the neuronal
6A). The response to the target curve was not changedresponse on individual trials (the virtues of this measure
are discussed in Britten et al., 1996). If the receptive significantly if the monkey made an error (T-cor versus
Neuron
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Figure 5. Error Analysis Distal to the Critical
Zone
(A) The receptive field (gray rectangle) was
on the target curve for stimulus 1 and on the
distractor curve for stimulus 2. Correct eye
movements are indicated by black arrows
(T-cor, 134 trials; and D-cor, 88 trials) and
errors by red arrows (T-err, 33 trials; and D-
err, 88 trials).
(B) Responses to the target curve on individ-
ual trials that ended with a correct (left) or
erroneous saccade (right). Note that the re-
sponse tends to be stronger on correct trials.
(C and D) Responses to the target curve (C)
and distractor curve (D) on correct (black
curves) and error trials (red curves).
(E) Distributions of single-trial responses on
correct (black curves) and error trials (red
curves) with the receptive field on the target
(continuous curves) or distractor curve
(dashed curves).
(F) Choice probabilities are computed by
comparing responses on error trials to re-
sponses on correct trials with the same stim-
ulus. To compute the S-AUROC, responses
on error trials are compared to responses on
correct trials with the complementary
stimulus.
T-err, p 0.5; U test) and remained significantly stronger The distribution of choice probabilities and S-AUROCs
is also shown in Figure 7A (left panel). The averagethan the response to the distractor curve on correct
trials (T-err versus D-cor, p  106; U test) (Figures 6C choice probability was 0.52, which does not differ signifi-
cantly from 0.5 (p  0.08, sign test), and indicates thatand 6D). Consequently, the S-AUROC at this recording
site was relatively high (0.94), and the choice probability the monkey’s choice hardly influences the neuronal re-
sponses. Moreover, responses to the target curve onwas small (0.45) (Figure 6B). Thus, the response at this
recording site was mainly determined by stimulus iden- error trials were stronger than responses to the dis-
tractor curve on correct trials with the complementarytity and hardly changed by the monkey’s errors. Note,
however, that in this case the receptive field was on stimulus (dashed curve in Figure 7A). This difference
reflects the S-AUROC, which was 0.68, on average, aa contour segment proximal to the critical zone. The
monkey presumably correctly assigned such segments value that is significantly larger than 0.5 (p  105, sign
test), and also larger than the average choice probabilityto the target or distractor curve, even in trials in which
errors were made. (p  104, U test). Thus, here the difference in response
between complementary stimuli (dashed and continu-The difference between results for recording sites with
a receptive field proximal and distal to the critical zone ous black curves) is mainly due to the difference in
stimulus identity. The proximal curve segments are con-is also reflected at the population level. Figure 7 shows
the results of the error analysis across all V1 recording sidered before the monkey loses track of the target
curve, which explains why the neuronal responses tosites that exhibited attentive response modulation and
yielded a sufficient number of error trials (see Experi- these segments are not influenced by the monkey’s
choice.mental Procedures for inclusion criteria). Four cases
can be distinguished: the receptive field can be either If the receptive field was on the distractor curve and
proximal to the critical zone, the response was alsoproximal or distal to the critical zone and on the target
or distractor curve (see inset). If the receptive field was mainly determined by stimulus identity (Figure 7B). The
average S-AUROC was 0.65, which is significantly largeron the target curve and proximal to the critical zone,
responses on correct and error trials were similar (black than 0.5 (p  106, sign test). The choice probability
(0.54 on average) did not deviate significantly from 0.5and red continuous curves in Figure 7A, right panel).
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Figure 6. Error Analysis Proximal to the Criti-
cal Zone
(A) The receptive field is indicated by a gray
rectangle. It was on the target curve for stimu-
lus 1 and on the distractor curve for stimulus
2. Black arrows indicate correct eye move-
ments (T-cor, 59 trials; and D-cor, 62 trials),
and red arrows indicate errors (T-err, 18 trials;
and D-err, 10 trials).
(B) The choice probability and S-AUROC for
this recording site.
(C) Responses to the target and distractor
curve on correct trials are indicated by black
continuous and dashed curves, respectively.
The red curve indicates the response to the
target curve on error trials.
(D) Distributions of single-trial responses in
the various conditions.
(p0.07, sign test). Moreover, the S-AUROC was signifi- shown in Figure 7C (right panel). The response to the
target curve is stronger on correct trials (black continu-cantly larger than the choice probability (U test, p 
0.001). Indeed, the population response to the distractor ous curve) than on error trials (red curve). This reflects
the difference in interpretation. On correct trials with thecurve on error trials (red curve) resembles the response
on correct trials (continuous black curve in Figure 7B) complementary stimulus, the receptive field fell on the
distractor curve, and the population response was stillbut is clearly weaker than the response to the target
curve on trials with the complementary stimulus (dashed weaker (dashed curve). This additional reduction in re-
sponse magnitude reflects the S-AUROC (distance be-curve).
Population responses of neurons with a receptive field tween red and dashed curve). Thus, here the error analy-
sis subdivides the total modulation (distance betweenon the target curve and distal to the critical zone are
Figure 7. Population Analysis on Error Trials
(Inset) The receptive field could be on the
target (A and C) or distractor curve (B and D),
and it could be either proximal (A and B) or
distal (C and D) to the critical zone. Panels
on the left show distributions of choice prob-
abilities (yellow bars) and S-AUROCs (white
bars). The average choice probability and
S-AUROC (red lines) are shown in the upper
and lower right corner, respectively. Panels
on the right show population responses on
error trials (red curves), correct trials with the
same stimulus (continuous black curves), and
correct trials with the complementary stimu-
lus (dashed curves). The area between red
and black curves reflects choice probability
(yellow), and the area between the red and
dashed curve reflects the S-AUROC (white).
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black continuous and dashed curve) into two compo- Discussion
nents that are about equally strong: a difference in inter-
During curve tracing, segments of the target curve arepretation (yellow area, choice probability) and a differ-
labeled by an enhanced neuronal response. Eventually,ence in stimulus identity (white area, S-AUROC). The
this label spreads across the entire target curve andaverage choice probability was 0.63, and the S-AUROC
thereby identifies the correct target for an eye movementwas 0.61, and both values were significantly larger than
(Roelfsema et al., 1998). The present data indicate that0.5 (p  104, sign test). The average choice probability
this labeling process is not autonomous but that it ratherdid not differ significantly from the S-AUROC (p  0.05,
reflects the monkey’s interpretation (Figure 1D, modelU test), confirming that the influence of stimulus and
2). Errors during curve tracing are reflected by V1 neu-interpretation were about equally strong.
rons that have their receptive field on curve segmentsIf the receptive field was on the distractor curve and
that are distal to the location where the error is madedistal to the critical zone, the response on error trials
(critical zone). On error trials, responses to segmentswas much larger than the response on correct trials
of the target curve distal to the critical zone are not(Figure 7D). The response on these error trials was al-
enhanced, whereas responses to the distractor curvemost as strong as the response to the target curve on
are (Figure 7). The choice probability is a convenienttrials with the complementary stimulus. Both choice
measure to quantify how well neuronal responses distin-probability (p 106, sign test) and S-AUROC (p 0.001,
guish between correct and error trials. Suppose that we
sign test) were significantly larger than 0.5. However,
would only be informed about the strength of a neuronal
the average choice probability was larger than the
response in area V1 on a single correct and a single
S-AUROC (p  104, U test), which indicates that the error trial. The choice probability equals our chance of
magnitude of the responses to the distractor curve was correctly guessing which of the two trials was completed
mainly determined by the monkey’s interpretation. successfully. Thus, the finding that choice probabilities
for some V1 recording sites with a receptive field on
the distal curve segment reach values higher than 0.8
Eye Movement Controls indicates that these neurons can be very informative
The monkeys had to maintain fixation within a window about the monkey’s interpretation. In contrast, re-
of 1  1 (0.8  0.8 in some of the sessions) during sponses to segments proximal to the critical zone are
stimulus presentation. Nevertheless, small changes in little influenced by perceptual errors. The behavioral
eye position within the fixation window can influence data suggest that these segments are correctly as-
responses, because V1 receptive fields have a limited signed to the target or distractor curve, even if the mon-
size (median area of the receptive fields was 0.62). Sys- key makes an error. Thus, activity in area V1 not only
tematic differences in fixation between complementary predicts whether the monkey is going to make a mistake,
stimuli or between correctly and erroneously performed but even indicates the location where the monkey loses
trials might therefore contribute to the differences in track of the target curve.
response magnitude. A stratification procedure was The responses of neurons in the primary visual cortex
used to exclude this possibility (Roelfsema et al., 1998). are modulated during curve tracing, even though the
stimulus inside the classical receptive field is held con-This procedure removes trials with microsaccades dur-
stant. Such response modulations are usually attributeding stimulus presentation and removes trials from the
to visual attention (Desimone and Duncan, 1995). In-two conditions that are compared, until the eye position
deed, psychophysical data obtained in human observ-distributions are identical (see Experimental Proce-
ers indicate that visual attention is directed to a curvedures).
that has to be traced (McCormick and Jolicoeur, 1992;Stratification did not change the results of the analysis
Roelfsema et al., 2000; Scholte et al., 2001). Attentionof task difficulty (Figure 4). The average AUROCs after
may thereby group spatially separate contour segmentsstratification did not differ by more than 0.01 from the
of such a curve into a coherent representation (Treis-average values shown in Figure 4 (red lines), and signifi-
man, 1996; Roelfsema and Singer, 1998). Therefore, thecance (stars in Figure 4) was unchanged. In the error
present results can also be rephrased in psychologicalanalysis (Figure 7), there were 75 correct and 38 error
terms. On correct trials, only segments of the targettrials before stratification, on average. An average of 27
curve are attended. On error trials, however, contourcorrect and 27 error trials remained after stratification.
segments of the target curve that are distal to the critical
In spite of the reduced number of trials, the distributions
zone receive less attention, whereas segments of the
of choice probabilities and S-AUROCs did not differ distractor curve receive more attention. The implication
substantially from those shown in Figure 7. If the re- is that the spatial distribution of visual attention reflects
ceptive field was proximal to the critical zone (Figures the subject’s interpretation of a visual stimulus. A com-
7A and 7B), S-AUROCs were larger than choice probabil- parable description can be given of the effect of task
ities (p  0.05, after stratification). If the receptive field difficulty (Figure 4). Neurons responding to contour seg-
was distal to the critical zone, choice probabilities were ments distal to the critical zone exhibit weaker atten-
higher than S-AUROCs (p  0.01) (Figures 7C and 7D), tional modulation if the stimulus configuration is difficult
a trend that even became significant after stratification than when it is easy. In psychological terms, the monkey
if the receptive field was on the target curve (Figure 7C). readily directs attention to all segments of the target
Thus, the present results are not due to differences in curve if this curve is easy to segregate, but, on difficult
eye position between stimuli or between erroneously trials, attention spills over to the distractor curve.
A number of previous studies have investigated theand correctly performed trials.
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effects of the monkey’s choice on neuronal activity in ployed, and responses of a number of neurons were
therefore implicitly pooled together. The response of aa motion discrimination task (Celebrini and Newsome,
1994; Britten et al., 1996; Shadlen and Newsome, 1996; group of neurons may reflect stimulus identity or behav-
ioral choice more closely than the response of an individ-Leon and Shadlen, 1998; Kim and Shadlen, 1999; Thiele
et al., 1999). These studies reported weaker effects of ual cell (Tolhurst et al., 1983; Vogels, 1990; Shadlen et al.,
1996; Salinas and Romo, 1998). Nevertheless, poolingthe monkey’s interpretation on neuronal responses in
motion-sensitive visual areas MT and MST, with average across neurons should amplify effects of stimulus and
behavioral choice to a similar extent. This implies thatchoice probabilities that were below 0.6 (Celebrini and
Newsome, 1994; Britten et al., 1996). To account for this individual V1 neurons with a receptive field distal to
the critical zone are also more strongly linked to themoderate association between neuronal activity and the
monkey’s choice, Shadlen et al. (1996) designed a feed- interpretation than to stimulus identity during curve trac-
ing. Indeed, in two exceptional cases, single units wereforward model of decision making, in which signals car-
ried by a number of MT/MST neurons are integrated isolated from the chronically implanted electrodes, and
choice probabilities were higher than 0.8. Thus, the ac-at a downstream “decision stage,” in order to reach a
perceptual decision. In this model, trial-to-trial variability tivity of at least some single cells in area V1 is closely
related to the monkey’s choice.in the neuronal responses influences the monkey’s deci-
sions, but it can only tip the balance if the motion signal We propose that the most important difference be-
tween the present study and these earlier studies is ais near threshold. If confronted with a weak signal, the
monkey is more likely to choose for a particular motion difference in the involvement of visual attention. The
version of the motion discrimination task that was useddirection if neurons tuned to this direction happen to
fire a bit stronger. In this motion discrimination task, the in these earlier studies does not induce strong atten-
tional effects in motion-sensitive areas (Groh et al.,monkey decides in favor of one or the other motion
direction by making an eye movement to one of two 1996). However, other tasks induce stronger attentional
effects in area MT and MST and yield stronger correla-targets. Subsequent studies investigated the neuronal
mechanisms responsible for saccade selection, by re- tions between neuronal activity and the monkey’s
choice (Treue and Maunsell, 1999). The present studycording from areas downstream from MT/MST that are
involved in the generation of eye movements, including focused entirely on attentional response modulation that
occurs during curve tracing. Attentive effects in area V1parietal area LIP (Shadlen and Newsome, 1996), the
frontal eye fields (Gold and Shadlen, 2000), and regions occur at delays that are consistent with polysynaptic
pathways and presumably include contributions of feed-of the prefrontal cortex (Kim and Shadlen, 1999). These
studies revealed that these areas gradually transform back from higher visual and perhaps even nonvisual
areas (Lamme and Roelfsema, 2000). This raises thethe sensory evidence into an eye movement command,
which implies that these areas indeed participate in a possibility that area V1 passively reflects processing
that occurs in other brain regions.decision stage (Platt and Glimcher, 1999). However,
some evidence against such a feedforward model of The decision process might, however, also benefit
from a more active participation of area V1. Curve tracingdecision making was obtained by Thiele et al. (1999),
who observed relatively strong effects of the monkey’s appears to be implemented in the visual brain by the
spread of a rate enhancement to neurons that respondchoice on neuronal activity in areas V3, MT, MST, and
STPp. Their results do not support a feedforward model to spatially separate contour segments that belong to
a single curve. Why does this rate enhancement onlyof decision making, because the effect of the monkey’s
interpretation was similar in all these areas, although reach neurons that respond to the same curve on correct
trials, and why does it not reach cells that respond tothey are at different levels of the visual cortical hierarchy.
A feedforward model of decision making is also incon- different curves? Closely spaced contour segments typ-
ically belong to the same curve if they are collinearsistent with the present results, which show that activity
at the very first stage of the visual cortical processing (Kellman and Shipley, 1991; Field et al., 1993; Polat and
Sagi, 1994; Kapadia et al., 1995). Thus, the selectivityhierarchy is related to perceptual decisions. The feedfor-
ward model predicts that trial-to-trial variability in neu- of curve tracing can be enforced by only spreading the
rate enhancement among neurons that have nearby re-ronal responses is only informative about the monkey’s
impending choice for near-threshold stimuli. In our task, ceptive fields and that are tuned to collinear orientations
(Grossberg and Raizada, 2000; Roelfsema et al., 2000).the stimulus was only near threshold at the critical zone,
since curves could be easily traced at all other locations. Horizontal connections in the primary visual cortex sup-
port such a selective propagation, because they pre-Thus, trial-to-trial variability in response strength may
have influenced the interpretation of the configuration dominantly interconnect neurons tuned to nearby line
elements that are approximately collinear (Bosking et al.,at the critical zone. However, neurons that responded
to contour segments distal to the critical zone also had 1997; Schmidt et al., 1997). Moreover, receptive fields in
area V1 are relatively small, and the rate enhancementhigh choice probabilities, although these segments were
easy to trace (Figure 5). Apparently, the perceptual deci- can therefore be propagated at a high spatial resolution.
Attentional modulation of activity in area V1 might allowsion at the critical zone is propagated to other neurons
in area V1. This propagation implies that horizontal and this high spatial resolution information to enter into the
decision process. The data indicate that area V1 indeedfeedback connections are involved and is incompatible
with purely feedforward models of decision making (e.g., reflects the interpretation at a high resolution, since V1
activity indicates the exact location where the animalShadlen et al., 1996).
A difference between the present and previous stud- loses track of the target curve on error trials. We suggest
that such a high-resolution version of the actual interpre-ies is that a multiunit recording technique was em-
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were normalized to the peak response after subtraction of the spon-tation may be essential for flawless curve tracing at
taneous activity (measured in the 300 ms fixation interval prior tolocations where different curves come close together.
stimulus presentation). Normalization parameters were derived from
the average PSTH across conditions that were compared. First,Experimental Procedures
the peak response (Pe) and the spontaneous firing rate (Sp) were
determined in this average PSTH. PSTHs to individual stimuli wereRecording Technique
divided by (Pe  Sp), after subtraction of Sp. The advantage ofTwo macaque monkeys participated in the experiments. In a first
this normalization procedure is that differences in peak responseoperation, a head holder was implanted, and a gold ring was inserted
between stimuli are preserved. The distribution of response strengthunder the conjunctiva of one eye for the measurement of eye posi-
on individual trials (Figure 3D) was determined in a window fromtion (Bour et al., 1984). Operations were performed under aseptic
200 to 600 ms after stimulus onset (yellow region in Figure 3B).conditions and general anesthesia, which was induced with keta-
The overlap between the distributions of response magnitudes tomine (15 mg/kg i.m.), and maintained after intubation by ventilating
different stimuli was quantified by computing the area under thewith a mixture of 70% N2O and 30% O2, supplemented with 0.8% receiver operator characteristic (AUROC) (Tolhurst et al., 1983; New-isoflurane, fentanyl (0.005 mg/kg i.v.), and midazolam (0.5 mg/kg 
some et al., 1989) (Figure 3E).h i.v.). The animals recovered for at least 21 days before training
In the analysis of the effects of task difficulty, all trials (correctwas resumed. All procedures complied with the National Institutes
and erroneous) with a particular stimulus were pooled together.of Health Guide for the Care and Use of Laboratory Animals (National
AUROCs are computed by comparing responses to a pair of comple-Institute of Health, Bethesda, MD) and were approved by the institu-
mentary stimuli. The monkey’s performance was therefore com-tional animal care and use committee of the Royal Netherlands
puted for each pair of complementary stimuli that had been pre-Academy of Arts and Sciences. The eye position was measured
sented in a recording session, by averaging performance acrossusing a double magnetic induction technique (Bour et al., 1984),
the two stimuli that formed a pair (Figure 4).sampled at a rate between 500 Hz and 1000 Hz and stored to
Recording sites were only included in the error analysis if twodisk. Multiunit recordings were obtained from electrodes that were
conditions were met. First, at least 15 error trials had to be obtainedchronically implanted in area V1 in a separate operation (40 to 65
for one of the stimulus configurations. Second, the neurons had toteflon-coated platinum-iridium wires per hemisphere) and posi-
exhibit a significantly (p  0.025) stronger response to the targettioned 1–2 mm below the cortical surface. For detection of multiunit
curve than to the distractor curve on correct trials with the sameactivity, signals were amplified, band-pass filtered (750–5000 Hz),
configuration (e.g., T-cor and D-cor in Figure 5A). It is important tofull-wave rectified, and then low-pass filtered (200 Hz) (Legatt et
note that this selection criterion does not bias the sample in favoral., 1980). Recordings with a sufficient signal-to-noise ratio were
of either sites with a high S-AUROC or high choice probability.obtained from about 50% of the wires (41 sites came from two
The computation of choice probability and S-AUROC depends onhemispheres of one monkey and 39 sites from one hemisphere of the
whether the receptive field is on the target or distractor curve in theother monkey). For these recording sites, receptive field dimensions
condition in which errors are made. If the receptive field is on thewere measured by determining the onset and offset of the visual
target curve (e.g., Figure 5C), the choice probability is higher thanresponse to a slowly moving light bar, for each of eight movement
0.5 if the response is stronger on correct trials than on error trials.directions (e.g., Kato et al., 1978; these borders are shown in Figures
A choice probability below 0.5 indicates that the response is3, 5, and 6). The median area of the receptive field was 0.62, (range
stronger on error trials. In contrast, if the receptive field is on the0.32 to 4.22). Receptive field eccentricity ranged from 1.0 to 5.8
distractor curve (e.g., Figure 5D), a choice probability higher thanwith an average of 2.8. Median orientation selectivity ratio (response
0.5 indicates that the response is strongest on error trials. Theto optimally oriented bar divided by least effective) was 1.7 (mean
S-AUROC is computed by comparing responses on the error trials2.0, range 1.2 to 5.4).
to responses on correct trials with the complementary stimulus
(interchange of target curve and distractor curve, see Figure 3A),
Behavioral Task which resulted in the same eye movement. The S-AUROC is larger
The monkeys sat at a distance of 0.75 min from a monitor (resolution than 0.5 if the response to the target curve is stronger than the
1024  768, frame rate 70 Hz). A trial was started as soon as the response to the distractor curve. For the computation of population
monkey’s eye position was within a 1  1 (or 0.8  0.8) window responses (Figure 7), responses on error trials were compared to
centered on the fixation point (0.2 diameter). After an interval of responses on correct trials with the same stimulus (differences re-
300 ms, the circular targets and curves appeared (Figure 1A), but flect choice probability) and to correct trials with the complementary
the monkey had to maintain fixation. The circles and fixation point stimulus (differences reflect the S-AUROC).
were red, and the curves were white (luminance 85 cd/m2) on a A stratification procedure was used to exclude the possibility
black background (luminance 1.5 cd/m2). After an additional 600 that differences in neuronal responses between stimuli or between
ms, the fixation point was extinguished, and the monkey made an behavioral choices were caused by systematic differences in eye
eye movement to one of the red circles. Eye movements to the circle position during stimulus presentation (illustrated in Figure 2 of Roelf-
that had been connected to the fixation point were rewarded with sema et al., 1998). As a first step, trials with microsaccades in a
apple juice. Curves were composed of a number of third-order poly- window from 100 to 540 ms after stimulus onset were removed from
nomials (be´zier curves) that had equal derivatives at the points where analysis. Then, the distribution of eye positions (using a resolution
they were joined end to end (enforcing smoothness). A critical zone of 0.2  0.2) was computed for the remaining trials in each of the
was constructed in such a way that errors could always be induced. conditions. The data were stratified by removing trials from analysis
A nonintersection could be gradually transformed into an intersec- until the distributions of eye positions were identical (within the
tion, under the control of a single parameter (gap size for noninter- 0.2  0.2 resolution) for the conditions that were compared. Neu-
sections, and angle for intersections). This transformation only ronal responses were recomputed at each recording site in the
changed the shape of contour segments within the critical zone reduced data set, and the population analysis was repeated.
(green circle in Figure 1A). All stimulus configurations were randomly
interleaved in a recording session, and complementary stimuli that
are defined by interchanging the target and distractor curve (Figure Acknowledgments
2A) were presented equally often. There were typically two or three
intersecting configurations and the same number of nonintersecting We thank J.C. de Feiter and K. Brandsma for technical assistance.
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Data Analysis
Single-trial responses (Figures 3B and 5B) were smoothed with a
gaussian with a SD of 8 ms. Peristimulus time histograms (PSTHs) Received February 8, 2001; revised June 21, 2001.
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